This paper presents two optimized rotors. The first rotor is as part of a 3-blade row optimization (IGV-rotor-stator) of a high-pressure compressor. It is based on modifying blade angles and advanced control of curvature of the airfoil camber line. The effects of these advanced blade techniques on the performance of the transonic 1.5-stage compressor were calculated using a 3D Navier-Stokes solver combined with a vortex/vorticity dynamics diagnosis method. The first optimized rotor produces a 3-blade row efficiency improvement over the baseline of 1.45% while also improving stall margin. The throttling range of the compressor is expanded largely because the shock in the rotor tip area is further downstream than that in the baseline case at the operating point. Additionally, optimizing the 3-blade row block while only adjusting the rotor geometry ensures good matching of flow angles allowing the compressor to have more range. The flow diagnostics of the rotor blade based on vortex/vorticity dynamics indicate that the boundary-layer separation behind the shock is verified by on-wall signatures of vorticity and skinfriction vector lines. In addition, azimuthal vorticity and boundary vorticity flux (BVF) are shown to be two vital flow parameters of compressor aerodynamic performance that directly relate to the improved performance of the optimized transonic compressor blade. A second rotor-only optimization is also presented for a 2.9 pressure ratio transonic fan. The objective function is the axial moment based on the BVF. An 88.5% efficiency rotor is produced.
Introduction
The development of modern high thrust-weight ratio gas turbine engines for aircraft requires a compression system with high total pressure ratio and adiabatic efficiency, but also needs sufficient stall margin for stable and robust operation. If the blade loading for a fan/compressor is increased remarkably in one stage, the Mach Number and pressure gradient may be raised excessively leading to high diffusion and large scale boundary-layer separation may occur due to the shock wave or low momentum fluid accumulation in the corner. Thus the performance of a compressor on or off-design point will not be maintained. An advanced compressor aerodynamic optimization design technique and flow diagnosis method that can modify geometry parametrically, and take into account complex flow physics such as viscous shear, shocks, and vortex structure will aid further development of these compression systems.
Based on this motivation, many advanced aerodynamic design concepts and design system have been developed. In the early 1960s, Wang Zhongqi et al. [1] [2] [3] [4] proposed the concept and design method of the bowed/lean blade based on the theory of boundary-layer low-energy fluid radial migration. The bowed/lean blade technology with its ability to control end-wall boundary-layer migration has been widely applied to stator and rotor design. The initial attempted to apply the swept blade technique to design quiet high speed fan QF-12 to reduce fan noise in the NASA-Lewis Center between 1974 and 1977 [5] [6] .
Wennerstrom introduced swept design concepts into the high-loaded transonic fan in the HTFC program [7] . The Air Force Research Labs at Wright-Patterson
Air Force Base designed and tested a series of rotors to investigate the effects of swept blade [8] [9] .
The early studies did not have 3D CFD to help in the design, and required extensive experiments to verify design concepts. More recently, optimization strategies that automate geometry creation with CFD simulation have been developed. Benini [10] and Jang et al. [11] researched the aerodynamic optimization design techniques based on the NASA Rotor 37 rotor. Three-dimensional viscous flow effects were taken into account through the 3D CFD approach. It showed that the shock wave structure and flow separation size were controlled by modifying the blade geometry. Lian et al. [12] used a multi-objective genetic algorithm examined blade aerodynamic optimization design for NASA Rotor 67
Rotor, and demonstrated not only the total pressure ratio and adiabatic efficiency for the rotor are improved, but also the boundary-layer depends on the blade section geometry variation on the transonic rotor surface, especially in the rotor tip area. Considering how to maintain a minimum stall margin up to 10% -15% for high-loading and high-through flow fan/compressor, Ellbrant et al. [13] presented optimization with a trade-off between stall margin (by optimizing pressure coefficient) at low speed and efficiency at high speed based on an automatic multi-objective optimization method. The results demonstrated a tradeoff between optimal efficiency and stall margin that could be weighed from a system perspective.
A turbomachinery aerodynamic optimization design system based on smooth spanwise control of geometry [14] and controlling the curvature of the blade geometry [15] has been demonstrated by coupling a CFD solver to optimize efficiency [16] . Multi-objective optimization was also demonstrated by coupling to stress analysis to minimize weight as well as optimizing pressure coefficient at part speed similar to Ellbrant et al. [13] . A notable feature for this optimization system is that the aerodynamic performance is linked to the curvature distribution of airfoil camber line at several spanwise locations.
Vorticity and vortex structures appear inevitably in compressor viscous flows and heavily influence the aerodynamic performance of the compressor. Therefore the vorticity/vortex dynamics approach can be used to help guide and understand aerodynamic design and flow diagnosis for turbomachinery. It plays a significant role in turbomachinery aerothermodynamics theory and application [17] [18] . Additionally, vorticity dynamics is relevant to understand important physical concepts and characteristic parameters such as the boundary vorticity flux (BVF), vorticity vector, skin-friction vector, and azimuthal vorticity can be used in turbomachinery design and a flow analysis system. This can then provide some new analytical parameters, insight, and novel ideas for designers [19] [20] [21] .
Optimization in the design process of fan/compressors has still not been utilized to its fullest potential. This is largely due to the large design space as well as the issues related to effectively defining actual design processes and precisely stating the optimization statement. Hence, the optimization platform defined by Nemnem et al. [16] is expanded for a 1.5-stage compressor focusing on modifying the rotor while taking into account the stationary blade rows on either side. This paper will describe the geometry parameters to be modified as well as the optimization process. The flow physics of the resulting optimized design will then be described. Moreover, the relation between the flow parameters and aerodynamic loading redistribution is explored using vorticity/vortex dynamics. This allows for examining the boundary-layer fluid accumulation and separation, as well as the shock wave boundary layer interaction. The results and methodology provides additional insight and can be helpful to designers of similar turbomachinery components.
Pressure Gradient and Curvature
The essential task of turbomachinery design is to create the geometry so the flow has minimum loss, with proper changes in flow direction or turning while ensuring the stress does not exceed strength and material properties of the structure.
In general, a smooth aerodynamic shape is required for most of turbomachinery flow paths. In other words, the geometry curve should have continuous first and second derivatives. Mathematically, the curvature is defined as for a two-dimensional curve y = f(x), It is also the reciprocal of the radius of curvature on the curve. Based on this formula, if the first and second derivatives are continuous, then the curvature is continuous. The crucial part is the second derivative y'' in the expression of curvature. Hence the second derivative is used for the airfoil parameters set as described by Nemnem et al. [15] .
To illustrate the relation between the streamline curvature and static pressure gradient, an analysis of a fluid microelement unit in a blade to blade section is used, as shown in Figure 1 . According to Newton's law, in a coordinate system tangential and normal to the streamline, the resulting equations are shown in Figure 1 (assuming inviscid flow) [22] [23] . The static pressure gradient normal to the streamline is balanced by the density times velocity squared divided by the streamline radius of curvature, R. It shows that it is vital to skillfully control streamline curvature in a design process, since pressure gradient of the fluid is influenced significantly by streamline curvature. As a designer of turbomachinery aerodynamics, controlling the curvature of geometry gives direct control of pressure gradients. Using curvature as the basis of controlling the camber line is therefore related to the flow physics.
Currently, many parametric curves such as cubic splines, B-splines and Bezier splines have been used to build three-dimensional blade. However, mathematically, the third derivative is not continuous on the node for these spline curves.
Therefore, in order to avoid these problems, the cubic B-spline is applied to define the second derivative of the airfoil camber line. It is integrated twice to get points that define the camber line, which is then fourth derivative continuous. A smooth thickness distribution is then applied along with a smooth leading and trailing to generate the airfoil.
Blade Aerodynamic Optimization System
The turbomachinery aerodynamic optimization design system used to produce results in this paper is based on Shell script, Python scripts and Fortran executable in Linux framework. There are three main parts of it: the user-defined module, optimization script module and the Dakota optimization module [24] as shown in Figure 2 . The user-defined module is to complete the definition for optimization variables, parametric geometry, journal files for CFD solver, and mesh generation setting et al. The optimization script module automatically executes the three-dimensional blade geometry builder (3D BGB) [25] code used to generate 3D blade geometry and creates the geometry input file *.geomTurbo for Autogrid [26] . Autogrid is the mesh generator for the CFD solver Fine Turbo, which is run and output files are parsed to automatically obtain the objective function after each iteration of the optimization process. Dakota is used to guide the optimization process. For the results in this paper, a single objective function genetic algorithm (SOGA) is used, although Dakota has many more options for optimization.
The blade geometry generator (3D BGB) has many options to vary the 3D blade including smooth spanwise variations of leading and trailing edge angles, blade meanline and thickness, lean and sweep of the stacking axis, and chord. In the optimization of the first rotor, only blade leading and trailing edge angles and the blade meanline shape spanwise has been varied. By not varying the blade stacking, axial chord and stacking, it was felt that a stress analysis would not have to be done as part of a multiobjective optimization. The optimization could be used for aerodynamics only. This means there is a larger design space could be explored in the future, but with inherently more complexity.
The flow is not uniform at inlet and outlet of each blade row. The spanwise non-uniformity must be accounted for at the very least. A 1.5 stage simulation is therefore carried out to ensure the performance of the rotor is maintained within the multistage environment.
Optimization of a Transonic Rotor
From the mid-1970s to the early 1980s, NASA worked with industry Energy Ef-ficient Engine (E 3 ) research program. One industry partner was GE, and the program advanced the design technology for all components that had an impact on engine efficiency. The core compressor that was designed was highly loaded with 10 stages and had a pressure ratio of 22.6. Holloway et al. [27] describe the design details of this compressor including the geometry of leading and trailing edge coordinates in the axial and radial direction as well as the blade angles. This information is also available as part of the 3D BGB [25] distribution. Further iterations of this compressor design led directly to the core compressor of the GE90 turbofan engine and several of its derivatives. Although the E3 core compressor by GE was highly successful, further improvements of core compression technology are highly desirable. Accordingly, in order to illustrate the advantage of the optimization design and flow diagnosis method in this paper, the IGV and first stage of the E 3 core compressor from GE has been chosen as the baseline case, and the rotor is optimized and analyzed in detail. Table 1 shows the main aerodynamic design parameters of the first stage rotor of the GE E 3 compressor. The baseline design uses GE E 3 axial and radial coordinates at the leading edge and trailing edge as well as the metal angles as defined in the report [27] . The flow path at hub and casing connects the leading and trailing edge points. A baseline curvature distribution, leading edge shape, and thickness available in 3D BGB [25] are used to construct the blade sections. This is not the GE E 3 geometry, but one base on it.
The modifications to the geometry for optimization will be the leading and trailing edge angles as well as modifying the curvature of the meanline. These adjustments have been made sequentially, first angle modification, and then curvature modifications explained in more detail in the next two subsections.
The quadrilateral meshes on the blade surfaces for 1.5-stage compressor is shown in Figure 3 . The CFD simulations assume steady flow in a relative frame of reference. The relative frame of reference for a rotating domain in this paper has a constant angular velocity, and the relative flow equations are solved in this frame of reference. The S-A turbulence model is used with a mixing plane between each blade row. Gridding topology is a best practice established in Autogrid. O 4 H topological structure is applied to three blade rows, and the total hexahedron-mesh cell number is about 1,550,000 for 3 blade rows and the y+ of first grid cell is less than 1 in order to capture the flow details in boundary-layer area.
Adjust Leading and Trailing Edge Blade Angles
The design approach for high pressure compressors is to use a multi-fidelity approach starting with meanline, and then an axisymmetric solver with loss models which will give a starting point for a 3D blade shape. The GE E 3 compressor has been analyzed as described by Turner et al. [28] with an executable code that is freely available from the author on his website. Traditionally 3D CFD is used for each blade row in isolation except for the boundary conditions. Blade geometry and flow solutions would be tailored and run by hand.
Optimization has the potential to change this approach to design, although the designer must still remain integrally in the loop. This paper demonstrates an automated method of 3D CFD optimization process with parametric geometry manipulation. The genetic algorithm (GA) is effective for a relatively small number of design parameters. The GA approach is not as dependent on having fully converged CFD solutions, as is a gradient-based optimization method. The first optimization was performed to adjust the leading and trailing edge angles.
The simulation domain is shown in Figure 4 . Also shown in Figure 4 are the locations of the angle parameters (Δβ) that have been modified at the leading and trailing edges. These are adders to the original blade angles defined for the Genetic algorithm (GA) parameters: population size is 12, and the maximum iteration is 100.
Constants: All other parameters for blades are based on E 3 report [27] and defaults.
The efficiency did not increase based on this optimization, but the mass flow increased by a small amount. The amount of angle change, Δβ, at the rotor leading and trailing edge as a function of relative rotor blade height is shown in Figure 5 . The figure demonstrates how the B-spline is defined by control points. The control points are modified through the optimization process to produce a smooth spanwise variation in the angle. Figure 5 indicates that the angle variation Δβ at the trailing edge is smaller than the leading edge at lower spanwise locations. The difference between these angles represents the net camber difference. 
Control Curvature of Rotor Camber Line
The curvature of the airfoil camber line is modified by changing spanwise B-spline control points (similar to the angle adder shown in Figure 5 ) which define curvature at each span. Figure 6 shows the resulting curvature control values at 4 sections for the optimized blade. This approach is described by Nemnem et al. [15] and Mahmood et al. [29] . The curvature control points define a Bspline of the second derivative of the meanline. This curve is then integrated twice to obtain the meanline curve. At 75% span the sign of the second derivative changes twice. This implies that the blade meanline at that span has an s-shape. and Figure 8 . This is the result of both optimizations 1 and 2, and for the rest of the paper, optimimum refers to the result of both steps. The curvature control through the optimization allows for an indirect control of the pressure gradients. Figure 9 shows the overall compressor performance for baseline, optimizations 1 and 2 on the design angular velocity. It demonstrates that the adiabatic efficiency, total pressure ratio and mass flow rate are increased. Table 2 summarizes the results. These are overall parameters of the 3-blade row block, and having the rotor optimized with the stationary blade rows included allows for the correct matching of the flow field. The adiabatic efficiency of the 3-blade row block increases by 1.45% (delta efficiency), whereas the rotor-only efficiency gain is 1.27% (delta efficiency). The block efficiency gain is higher, implying there is improvement in the stationary blade rows due to better matching. The optimization constraint was to have a higher mass flux than the baseline. The optimum increased the mass flow by nearly 0.6% to 53.97 kg/s for the design back pressure. This is still lower than the E 3 design intent of 54.4 kg/s. The design report [27] states that the first test of the compressor which is also the basis of the geometry used here reached the design flow rate at 102% corrected speed. The baseline geometry is therefore consistent with this goal. Geometry changes for subsequent builds are discussed in the report, but not enough details are given to know the key features of that geometry. The total pressure ratio increases slightly by 0.223%, while the stall mass flow rate is decreased by 1.541%, thus the stall margin and the operation range are improved for the optimized case. Figure 10 shows the adiabatic efficiency and total pressure ratio profiles as a function of relative blade height. It indicates that the total pressure ratio is reduced slightly due to the flow turning angle being decreased below 40% span. By contrast it is raised at the outer regions of the span mainly due to the strength of shock wave being decreased as will be described in more detail. The adiabatic efficiency is improved over the entire span mainly due to the smooth variations of the curvature parameters and their link spanwise. The link between the flow and blade geometry controlling curvature can be seen in the relative Mach Number at 95% span as shown in Figure 11 . It demonstrates that not only the upstream Mach Number of the rotor leading edge shock wave is decreased, but also the position of shock wave is moved closer to the trailing edge for the optimum case. This is beneficial since there is a decreased Figure 11 . Mach Number for rotor at 95% span section.
shock loss, and a reduction of the boundary-layer separation after the shock and improving throttled range.
The performance of the tip is vital for transonic compressor rotors. The rotor work capability is determined heavily by the tip flow, and the stall margin is largely influenced by the shock structure in this region. A comparison of isentropic Mach Number for optimum and baseline rotor is shown in Figure 12 .
This is the Mach Number based on the static pressure and ideal Relative Total
Pressure. It indicates that the maximum Mach Number is decreased on the suction side between 50% span and the tip, thus resulting in a reduced shock. Reducing the pressure gradient after the shock further controls the boundary layer.
Moreover, Figure 12 shows that the shock position is further downstream on the profiles of optimum case compared to the baseline case. The shock position, which is further downstream in the tip region, leads to better stall margin because the rotor can be throttled further until the bow shock detaches from the leading edge. These benefits discussed here for the optimum case compliment the results shown in Figure 9 and Table 2 .
The absolute Mach Number profiles as a function of relative blade height at inlet and outlet plane for the stator is shown in Figure 13 . It demonstrates that the absolute Mach Number is reduced for the overall optimum relative to the optimization 1 and baseline cases. This is especially true below 50% span where high Mach Numbers can result in transonic flow on the suction side which lead to issues of separation near the trailing edge at the hub. Since total pressure ratio increases, the pressure gradient is appropriately modified and the whole aerodynamic performance of the compressor block is improved remarkably.
Vorticity/Vortex Dynamics Diagnosis
Vortex/vorticity dynamics is an important concept in fluid dynamics, which has played an exceptionally crucial role in turbomachinery. It provides novel ideas for turbomachinery aerodynamic design and viscous flow diagnosis by focusing on the derivative/gradient of flow parameters to examine essential flow information and underlying dynamic processes. In this section, the physical mechanisms for boundary-layer separation due to expansion or compression and shear effects, such as shock wave and corner separation are explored from the viewpoint of vorticity dynamics. The physical cause of improving performance of the compressor by controlling curvature will be analyzed in detail, and this relatively new flow diagnosis method for transonic compressors is presented.
The relationship between vorticity and throughflow capability of a compressor will be explored by deducing the expression for azimuthal vorticity ω θ . The discussion is limited to a single axial-flow compressor rotor as shown in Figure 14 .
In the cylindrical coordinates system (r, θ, z), the mass flow rate through the Z = Z 2 plane that is perpendicular to the z-axis can be expressed as follows: 
where, r 1 and r 2 are radii for hub and casing respectively. The axisymmetric as- According to Equation (2) and the discussion of Figure 15 , the mass flow rate of a compressor would be increased if there is an increase in the positive azimuthal vorticity ω θ in the near-casing zone A 3 and make A 3 with a higher radius. Alternatively a decrease of negative azimuthal vorticity ω θ in the near-hub zone A 1 and make A 1 with lower radius would also increase the mass flow rate. From a traditional fluid dynamics viewpoint, this means the same as reducing the boundary-layer thickness. The discussion is explained further using Figure 16 and Figure 17 for azimuthal vorticity in a cross-section within the rotor (at 70% chord) and at the stator exit planes, respectively. The azimuthal vorticity distribution demonstrates that the higher ω θ area is smaller for the optimum case than for the baseline case, which mainly occurs in the near-casing and near-wall of suction side zone for rotor cross section, and in the near-casing and lower spanwise area for stator outlet plane. It illustrates the flow core zone is limited and the boundary-layer thickness is decreased partially for the optimum case compared to the baseline case. Therefore the mass flow rate, total pressure ratio and adiabatic efficiency are improved wholly for the optimum case as already shown in Figure 9 and Table 2 . This is also demonstrated with the axial vorticity ω z as shown in Figure 18 . Figure 18 . Axial vorticity in a cross section in the rotor (at 70% chord).
The radial vorticity ω r and skin-friction vector τ lines are shown in Figure 19 on the suction side of the rotor. The 3D view for Figure 19 and Figures 20-28 is shown as in Figure 29 by Tecplot [30] . It indicates that the separation flow area and the radial vorticity ω r is decreased entirely for the optimum case compared to the baseline case. It illustrates that the shock strength and separated flow Figure 26 . Vector lines of (τ, ω) and axial gradient of entropy on rotor suction side (black curve is ω, red curve is τ).
immediately following the shock wave are weakened considerably, while the secondary flow is alleviated by the modification of the curvature on the airfoil camber line. Moreover, the sign of radial vorticity ω r is reversed across the separation bubble. The beginning of the separation bubble has higher negative ω r .
The start and end of the separation bubble coincide with the sign change of radial vorticity ω r on the transonic rotor suction side.
The Boundary Vorticity Flux (BVF) is a very important vorticity dynamics parameter since it directly relates to the on-wall physical generation of vorticity [17] [18] , and it was first defined by Lighthill in 1963 [31] . In general, on an accelerating body surface, applying the tangential components of N-S equation to the surface indicates that the BVF consists of the contributions of the wall acceleration a, body force f, on-wall tangent pressure gradient, and a three-dimensional viscous correction as follows [21] : 
The literature [20] [21] indicates that the high pz σ positive peak is not beneficial due to a reduction in torque on the rotor blades. It mainly occurs near the shock on the suction side of a transonic compressor due to the strong compression effect as shown in Figure 20 for the baseline and optimum cases. It illustrates that the area of pz σ positive peak is further downstream for the optimum blade and shifted away from the sensitive flow regions, especially near the endwall region. Moreover, the shock position is postponed further downstream resulting in reduced shock strength to optimized rotor. Thus the gradient of pressure is alleviated and the flow loss is reduced for the optimized rotor. These effects are shown in Figure 21 (Static pressure on rotor suction side) and Figure   22 (Entropy on rotor suction side).
To better understand the boundary-layer separation on the rotor surface, a set of boundary-layer separation criterion has to be introduced from the literature [18] , although these criteria may have some long-standing controversial issues.
The three prime criteria on boundary-layer separation can be summarized as follows: These boundary-layer separation criteria are sufficiently verified by vector lines of ( τ , ω ) as shown in Figure 23 and vector lines of ( τ , σ p ) as shown in Figure 24 on the rotor suction side. For the optimized rotor, the separation bubble radial and axial size are greatly reduced. Moreover, not only the hub corner secondary flow is abated, but also the separation line is further leaned to downstream near the shroud area, which means the shock wave is further downstream. Thus the shock strength is weakened moderately, and flow loss is decreased substantially. These flow features help explain why the optimized rotor has improved performance.
High entropy gradient and static pressure gradient is a necessary but not sufficient condition for boundary-layer separation as shown in Figure 26 and 
A 2.9 Pressure Ratio Transonic Fan Rotor Optimized
Using Vorticity Dynamics
Optimization Methodology
brought to the pressure rise capability of the rotor blade passage. Therefore, the axial component of BVF pz σ is an important parameter that reflects the fan/compressor aerodynamic performance. An interpretation of this new vorticity-based method is presented using the axial moment M z (torque due to pressure forces) as the objective function for optimization of the rotor blade in a ansonic fan. By maximizing the axial moment due only to pressure and not viscous forces is related to the efficiency since this torque is part of the efficiency equation that does useful work. The design parameters are shown in Table 3 Genetic Algorithm (GA) parameters: population size is 12, and the maximum iteration is 300;
Constants: position and metal angle at leading edge and trailing edge for rotor in the meridian plane.
The baseline case of the fan rotor has been designed by a Turbomachinery Axisymmetric design code [28] (known as T-Axi), while the blade geometry is generated by 3D BGB [25] . Gridding topology is a best practice established in Autogrid. Total number of mesh cell is approximately 700,000 with y+ < 1 for first cell from the wall in order to capture flow details in the boundary-layer area. The S-A turbulence model has been used. Table 4 displays a comparison of the aerodynamic performance for the optimum and baseline cases. With the total pressure ratio being 2.896 and the adiabatic efficiency reaching 88.49% for the optimum case, the stall margin of the fan rotor is still higher than 10% (up to 10.74%), which is an inspiring result. Moreover, based on the performance map at the design speed line shown in Figure 30 , Table 3 . Design parameters of a fan rotor. The number of rotor blade 14
Optimization Results and Discussion
Clearance at rotor tip (mm) 0.5 the optimized highly-loaded fan rotor has a wide operating range with high adiabatic efficiency and favorable through flow capability along the whole operating line. This aerodynamic performance level is beyond the design of conventional axial fan rotor. Obviously, the optimization based on vorticity dynamics is one of promising novel design concepts. Figure 31 shows the distribution of adiabatic efficiency and total pressure ratio profiles as a function of relative blade height. Compared with the baseline case, the total pressure ratio and adiabatic efficiency of the optimizated rotor are improved significantly from 20% span to 70% span. This is mainly attributed to the shift of the shock wave aft toward the trailing edge. Both the strength of the shock wave and the pressure gradient after the shock are reduced, as well as further control of the boundary layer. From 70% span to the tip area, the total pressure ratio is reduced slightly while the adiabatic efficiency is improved slightly due to high Mach Number in this area, so the optimization goal is to further control shock wave and secondary flow after the shock wave. Figure 32 shows the BVF-pz σ and skin-friction vector τ-lines on the rotor blade suction side at design point. As the figure shows, the positive peak of BVF in the upper half of the blade has a smaller area after the optimization. Meanwhile, secondary flow and shock wave are also weaker in the optimum case, which is beneficial to increase the adiabatic efficiency. These positive effects
show that the control of camber line curvature is quite helpful to manage the shock wave and boundary layer flow. Also, the objective function based on vorticity dynamics M z is beneficial to increase total pressure ratio for the transonic fan rotor.
The Mach Number at 95% span for the design point are shown in Figure 33 for both the baseline and optimized blades. The peak Mach Number is reduced for the optimized blade that yields an efficiency improvement. Figure 34 shows the Mach Number at 95% span at near stall also for both the baseline and optimized blade. Again the peak Mach Number is reduced for the optimized blade.
The stacked sections for the optimized blade are shown in Figure 35 while Figure 36 shows the 3D view of the optimized rotor design. 
Conclusions & Future Work
An optimization process has been implemented for two different transonic fans.
The first optimization is the first stage plus IGV of a high pressure compressor base on the GE E 3 design. Only the rotor was modified while keeping the IGV and stator 1 unchanged. The leading edge and trailing edge flow angles in addition to the curvature of the rotor meanline up and down the span were allowed to vary in the optimization process. The parametric geometry generator is connected to a 3D CFD solver and a Single Objective Function Genetic Algorithm was used to drive the optimization. The optimization leads to an increase of adiabatic efficiency of 1.45% with a slight increase in total pressure ratio of 0.206%. Furthermore, the flow rate is increased by 0.552% and stall flow rate is reduced by 1.541% which greatly improve stall margin and operation range. Improved stall margin was not stated goal of the optimization, and its improvement is attributed to simulating all three blade rows at once. Solving all three blade rows at the same time ensures that the rotor is being optimized within a multistage influence. In addition, the use of curvature of the meanline and ensuring smoothness spanwise of these parameters allows a small number of parameters to drive aerodynamically appropriate geometry changes through the optimiza- Submit or recommend next manuscript to SCIRP and we will provide best service for you:
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